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We report a precise experimental study on the shot noise of a quantum point contact (QPC)
fabricated in a GaAs/AlGaAs based high-mobility two-dimensional electron gas (2DEG). xThe
combination of unprecedented cleanliness and very high measurement accuracy has enabled us to
discuss the Fano factor to characterize the shot noise with a precision of 1 %. We observed that
the shot noise at zero magnetic field exhibits a slight enhancement exceeding the single particle
theoretical prediction, and that it gradually decreases as a perpendicular magnetic field is applied.
We also confirmed that this additional noise completely vanishes in the quantum Hall regime. These
phenomena can be explained by the electron heating effect near the QPC, which is suppressed with
increasing magnetic field.
I. INTRODUCTION
Quantum point contact (QPC) is a narrow constric-
tion of the order of the Fermi wave length of electrons in
a two-dimensional electron gas (2DEG) system1,2. Ow-
ing to its characteristic property that the conductance is
quantized in units of 2e2/h ∼ (12.9 kΩ)−1 due to the bal-
listic conduction and the wave nature of electrons, QPC
has attracted great attention as an ideal realization of
Landauer picture of mesoscopic transport. In spite of
the long research history, it still remains a considerable
interest in terms of many-body effect such as the 0.7
anomaly3–13. Thus, to precisely clarify the mesoscopic
transport in QPC from various points of view is still of
scientific significance.
Shot noise, which is the Fourier transform of
the current-current correlation function in the non-
equilibrium regime, has been a useful probe to inves-
tigate the transport properties of QPC. Theoretically,
this topic has been treated since early 1990’s and par-
ticipated to establish mesoscopic physics13–18. The shot
noise, which reflects the granularity of electrons, can
be written Sshot = 2e〈I〉F , where F is the Fano fac-
tor which characterizes the electron partition process.
The non-interacting scattering theory18 predicts F =∑
n Tn(1 − Tn)/
∑
n Tn (Tn is the transmission of n-
th channel) and, as the QPC conductance is given by
G = 2e2/h
∑
n Tn, we expect that the shot noise vanishes
and Fano factor becomes zero for every integer multiple
of 2e2/h. Since this theory is based on the single-particle
picture, additional information such as the many-body
interaction may be deduced from the precise investigation
of the Fano factor combined with the conductance, as we
see in the shot noise study in the Kondo regime19–22. Ac-
tually, the shot noise of QPC was addressed by several
experimental groups; the Pauli exclusion principle was
first studied, and then the quantum interference23, the
0.7 anomaly24–26, and the spin polarization25,27.
In spite of various experimental attempts on the
shot noise in QPC, many research groups have been
repeatedly reporting an interesting observation, that
is, an enhanced QPC shot noise exceeding theoretical
value24,26–31. This deviation was attributed to several
reasons: the 1/f noise, the channel mixing, and the
electron heating as the most likely one31. Previous
studies on QPC addressed the problem by assuming a
model28, which phenomenologically takes energy relax-
ation around QPC into account. Although it is exper-
imentally known that the enhanced Fano factor can be
suppressed by applying a weak perpendicular magnetic
field to 2DEG25,28, there are no systematic studies on
how magnetic field affects this phenomenon.
In this paper, we report an experimental study on
a very precise shot noise measurement in ultra-high-
mobility QPCs. The combination of an unprecedented
clean QPC and an accurate noise measurement setup has
enabled us to obtain the Fano factor with the precision of
1 %. By systematically investigating the magnetic field
and temperature dependence of the Fano factor at the
conductance plateaus, we are able to discuss the energy
dissipation process around QPC. Then we show that the
electron heating effect is suppressed either by perpendic-
ular magnetic field or by increasing the conductance of
QPC. These observations are explained by a model with
a single phenomenological parameter (Gm) which charac-
terizes the heat transport. It is also confirmed that a per-
fectly noiseless transport is realized in the quantum Hall
regime. Our experiments imply that the heat dissipation
in a 2DEG system cannot be neglected even in ultra-clean
conductors and that the electron-electron scattering or
energy-loss mechanism can intrinsically affect transport
phenomena in low-dimensional electron systems.
2II. EXPERIMENTS
A. Conductance measurement
We investigated two QPC devices (QPC 1 and QPC
2) fabricated on the same GaAs/AlGaAs heterostruc-
ture wafer with a 2DEG located 160 nm beneath the
surface32,33. Each QPC is independently defined by ap-
plying voltage Vg to each gate electrode. The distance
between the gates to define the QPC is 500 nm and 200
nm for QPC 1 and 2, respectively32. The mobility and
electron density of the 2DEG are µ = 1000-2000 m2/Vs
and ns = 3.5× 10
15 /m2, respectively. The Fermi wave-
length of the 2DEG is 42 nm32. After bias-cooling with
Vg=+1 V, the experiments were carried out in a dilution
refrigerator whose base temperature is 15 mK. The dif-
ferential conductance G = dI/dVsd is measured by stan-
dard lock-in technique as a function of the source-drain
bias voltage (Vsd). The lead and the contact resistances
in series with the sample were deduced by measuring the
conductance with no gate voltage applied at every ap-
plied magnetic field and was subtracted accordingly.
Figure 1 shows the differential conductance of QPC
1 and QPC 2 at 30 mK as a function of Vg. The con-
ductance steps up to the 20th (8th) are well resolved in
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FIG. 1. (a) Schematic diagram of the current noise mea-
surement setup. The QPC is formed by negative voltage Vg
applied on two opposing electrostatic gates. (b) and (c) Con-
ductance of QPC 1 and 2 measured at 30 mK as a function
of gate voltage.
QPC 1 (QPC 2). The conductance at the n-th plateau
precisely agrees with 2e2/h×n (n = 1, 2, 3, ...) within the
precision of ±2 %. This validates the above treatment
for the lead and contact resistances. Based on this ob-
servation, we safely eliminate the possibility of channel
mixing since it would result in non-integer conductance
step. We also checked the temperature dependence of
the conductance from T=15 mK to 4.2 K and found that
the step structure does not depend on temperature be-
low 550 mK. We observed an indication of the shoulder
structure at 0.7× 2e2/h (0.7 anomaly) at 2 K and it be-
comes prominent above 4 K. However, the 0.7 anomaly
is beyond the scope of the present work.
B. Current noise measurement
In addition to the conductance measurement, we per-
formed current noise measurements as follows31,34. The
voltage fluctuation at 2.8 MHz defined by the resonant
circuit is extracted as an output signal of the homemade
cryogenic amplifier34. The time-domain voltage noise sig-
nal is then captured by a digitizer and converted by fast-
Fourier-transform (FFT). The spectral density of current
fluctuation SI is obtained by fitting the resonance peak
P0,
P0 = A
[
XV +
(
Z +R
ZR
)2
(SI +XI)
]
(1)
where R is the measured differential resistance, A is the
gain of the cold and room temperature amplifiers, Z is
the impedance of the measurement circuit, and XI(XV )
is current (voltage) noise due to the amplifier, respec-
tively. The typical values are Z = 3.2 × 104, A =
1.4 × 106, XV = 1.5 × 10
−19, and XI = 7.1 × 10
−27.
The precise determination of these parameters enables
us to measure the current noise and the corresponding
Fano factor within 1 % error.
Usually, the variation of the current fluctuation with
the source-drain voltage Vsd are analyzed with the
formula18
SI(Vsd) = 2FG
[
eVsd coth
(
eVsd
2kBTe
)
− 2kBTe
]
+4kBTeG,
(2)
where Te is electron temperature which is precisely deter-
mined by the thermal noise measurement. This formula
takes the crossover between the thermal noise and the
shot noise (|eVsd| ∼ 2kBTe) into account. However, this
method could overestimate the Fano factor when the cur-
rent noise is affected by the 1/f noise in addition to the
shot noise. In such a situation, the current noise is em-
pirically known to be proportional to V αsd (α ∼ 2) in
the range eV ≫ 2kBT . The data where a 1/f noise con-
tribution was dominant are not taken into account in our
analysis. xFor the remaining data we evaluated the Fano
factor by fitting
SI(Vsd) = 2e|I|F (3)
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FIG. 2. Vsd dependence of current noise (open circle) and
conductance (solid line) of QPC 2 for different gate voltage
and magnetic field. The dashed line shows fitting result. (a)
In the region between plateaus, G ∼ 1.7 × (2e2/h) for zero
magnetic field. (b) At the second plateau for zero magnetic
field. (c) At the second plateau for B = 0.80 T. The fitted
Fano factor is F = 0.12, 0.029, and 1.7× 10−3, respectively.
in the range |eVsd|
>
∼ 2kBTe. Note that Eq. (3) corre-
sponds to Eq. (2) in the high bias voltage region. We use
Eq. (3) as we found that it gives a more reliable Fano fac-
tor because the expression is much simpler than Eq. (2).
Figure 2 shows a few typical examples of the current
noise and the differential conductance as a function of
Vsd. The results of the fitting are superposed. Note that
the Fano factor evaluated from simple linear function is
consistent with that from function (2) within the preci-
sion of 1%. Also we note that the thermal noise (current
noise at Vsd = 0 mV) is subtracted from the current
noise shown in this article.
III. RESULTS AND DISCUSSION
A. Effect of magnetic field
We first investigate how QPC shot noise varies when
a perpendicular magnetic field is applied to the 2DEG.
Figures 3(a) and 3(b) show the Fano factor of QPC 2 at
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FIG. 3. a) Conductance dependence of the Fano factor for
B = 0 T (open circle) and 0.80 T (filled square). The black
dashed line shows theoretical value without Zeeman splitting.
The current noise at G ∼ 1.7×(2e2/h) and G = 2×(2e2/h) is
shown in Figs. 2(b) and 2(c), respectively. (b) Vg dependence
of Fano factor. The solid and dashed line curves conductance
at B=0 T and 0.80 T, respectively. (c) Detailed plot of Fano
factor and conductance against Vg near the region of first
plateau (left figure) and second plateau (right figure). The
upper and middle panels show the Fano factors at B=0 T
and 0.80 T, respectively. The bottom panels show the con-
ductance. The solid and dashed curves represent conductance
for B=0 T and 0.80 T, respectively. Note that the horizontal
axis for 0.80 T data is rescaled to superpose the 0 T data.
15 mK as a function of the conductance G and the gate
voltage Vg, respectively. The obtained Fano factors oscil-
late as the conductance increases from zero to 3×(2e2/h)
and show a minimum at every conductance plateau. The
dashed curve in Fig. 3 (a) represents the Fano factor ex-
pected from the formula, F =
∑
n Tn(1−Tn)/
∑
n Tn and
4G = 2e2/h
∑
n Tn. The evaluated values seem to overall
agree with the conventional theory14,18. For example, as
shown in Fig. 2 (a), the Fano factor is F = 0.121± 0.003
at G = 1.70 × (2e2/h), which agrees well with the ex-
pected F = 0.124 for
∑
n Tn = 1.7.
However, it is important to notice that the Fano factor
at the conductance plateau is slightly enhanced for zero
magnetic field and suppressed by the magnetic field. Ac-
tually, at zero magnetic field, the current noise linearly
increases with source-drain voltage even when conduc-
tance is an integer multiple of 2e2/h. Figure 2(b) shows
a typical example. Here the quantized conductance of
2e2/h is realized while the current noise shows a shot-
noise-like V-shaped behavior. The Fano factor deduced
from this noise data is 0.029± 0.01. It is noted that the
differential conductance is perfectly flat and independent
of Vsd. Therefore, the observed finite shot noise is not
due to a non-linear effect. Figure 3(b) shows the evo-
lution of the Fano factor of QPC as a function of Vg.
The Fano factor obtained at B = 0 T is finite even at
the conductance plateaus (see the data plotted by open
circles).
Interestingly, this phenomenon is greatly affected by
applying a magnetic field perpendicular to the 2DEG.
Figure 2(c) shows the current noise at the magnetic field
B = 0.80 T. The differential conductance is still inde-
pendent of Vsd as was the case in Fig. 2 b), while the
noise is now largely suppressed almost to zero. From a
comparison between Figs. 2(b) and 2(c), it is clear that
the noise at conductance plateaus disappears for finite B
and results in F = 1.7× 10−3. The left and right panels
of Fig. 3(c) show the expanded view to present the mag-
netic field effect on the Fano factor around the first and
the second plateau region, respectively. The Fano factor
is clearly finite at B = 0 T against the expectation from
the theory but reaches close to zero (typically less than
5× 10−3) at B = 0.80 T as theory teaches us. The Fano
factor at plateau region decreases almost monotonically
as B increases from 0 to 0.8 T [also see Figs. 6(b) and
6(c)].
At closer inspection of the conductance data at 0 T
shown in the left bottom-most panel in Fig. 3(c), it devi-
ates slightly from unity on the expanded scale of the left
axis. The conductance gradually varies between 0.994
and 1.005 in unit of 2e2/h in the middle of the plateau.
This might suggest some finite scattering even in the mid-
dle of the plateau. However, the deviation is smaller than
1 % and this alone cannot explain the obtained Fano fac-
tor which is as large as 0.01–0.03. For example, when
the conductance is 0.994(2e2/h) at Vg = −1.784 V, the
expected Fano factor is 1− 0.994 = 0.006, which is much
smaller than the observed value 0.027. In the same way,
a slight non-monotonic behavior of the conductance at
the plateau presented in the right-bottom panel in Fig.
3(c) does not explain the observed finite Fano factor of
0.02.
Here we make a brief comment on the spin polarization
deduced by the Fano factor, although this is not the main
point of the present work. The Fano factor between the
neighboring plateaus decreases as B increases from 0 T
to 0.80 T; for example, at G = 1.5 × (2e2/h), the Fano
factor is F = 0.16 at B = 0 T, while F = 0.13 at 0.80
T as shown in Fig. 3 b). This is attributed to the spin-
resolved electron transport by the Zeeman splitting. If we
simply assume that the up and down spin have a different
constant transmission7,24–26, the channel asymmetry at
B=0.80 T is found to be 68 % at most.
The reduction of the Fano factor was further investi-
gated in the quantum Hall regime. Figure 4 a) shows the
Fano factor and QPC conductance at B = 3.55 T (filling
factor=4) in the left and right axis as a function of Vg,
respectively. When Vg is swept from −1.1 V to −1.5 V,
the conductance changes from the spin-resolved plateau
3× (e2/h) to the plateau 2e2/h. The Fano factor is very
close to zero in these two plateaus and is finite only be-
tween them. The dashed curve shows the Fano factors
deduced from the measured conductance, which agrees
well with the obtained ones. Figure 4 b) shows the con-
ductance and the current noise obtained at the middle of
the plateau (Vg = −1.35 V). The current noise is almost
zero and the conductance is totally independent of Vsd, in
agreement with our naive expectation. Indeed, the Fano
factor averaged over the plateau is −2.2 ± 2.5 × 10−3,
which statistically equals to zero. The perfect absence of
the Fano factor directly reflects the dissipationless nature
of the edge states.
We also measured the in-plane magnetic field depen-
dence of the Fano factor up to 0.8 T, and found that
it is independent of the magnetic field; the finite Fano
factor obtained at zero field remains constant in the par-
allel magnetic fields up to 0.8 T. This observation, which
is in clear contrast with that in perpendicular magnetic
field, strongly suggests that the electron spin is not re-
sponsible for this phenomenon and that the perpendicu-
lar magnetic field affects the Fano factor by influencing
the electron motion confined in the 2DEG through the
Lorentz force. The cyclotron radius for this 2DEG is, for
example, 160 nm at 0.6 T and 120 nm at 0.8 T, which are
of the same order of magnitude as the QPC width that
conducting electrons feel. This may coincide with the
fact that the Fano factor is robustly suppressed when the
field reaches these values [also see Figs. 6(b) and 6(c)].
Thus, the semi-classical electron motion is very likely to
be relevant in our observation.
B. Fano factor at higher conductance
We next focus on the shot noise at higher conduc-
tance plateaus. The behavior of the Fano factor as a
function of the conductance up to G = 10 × (2e2/h) is
shown in Fig. 5(a). The expected Fano factor oscillation
is obtained, which is overall consistent with the theory
calculated from the conductance (shown by the dashed
curve). Note that such a comparison between the theory
and the experiment is only possible in the combination
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FIG. 4. (a) Vg dependence of Fano factor (triangle) and
conductance (solid line) for the quantum Hall regime. The
dashed curve shows the theoretical Fano factor deduced from
the measured conductance. (b) Current noise (triangle) and
conductance (solid line) as a function of Vsd at the conduc-
tance plateau (Vg = −1.35 V).
of a high quality QPC with many conductance plateaus
and a precise noise measurement setup. Actually, the
result shown in Fig. 5(a) nicely exemplifies the valid-
ity of the Landauer-Bu¨ttiker formalism extending to the
shot noise. Now we look carefully at the Fano factor at
the plateaus. Here, the Fano factor averaged over the
conductance plateau at each plateau region is summa-
rized, which confirmed finite value in the range of 95 %
confidence interval [see Figs. 5(b) and 5(c)]. The Fano
factor, which should be zero theoretically, becomes larger
at higher conductance.
C. Electron heating model
So far, we have experimentally established that the
Fano factor is finite at the conductance plateau and is
reduced by applied perpendicular magnetic field. Previ-
ous research already observed this phenomenon and ex-
plained it by electron heating28. As we show below, also
in our case, the electron heating model seems to work
quantitatively. Now we show a systematic analysis of
our observations based on this model and discuss its im-
plication.
As the energy dissipation does not occur exactly at
QPC in the ballistic transport, it is not trivial how the
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FIG. 5. a) The Fano factor versus conductance of QPC 1 at
zero magnetic field. The dashed curve shows the theoretical
Fano factor deduced from the measured conductance. (b)
and (c) The average value of Fano factor at each conductance
plateau for QPC 1 (left figure) and QPC 2 (right figure).
electron heating affects the shot noise. For mesoscopic
systems, the energy dissipation of electrons occurs due
to electron-electron scattering and acoustic phonon emis-
sion by the injected electrons35,36. Since the latter is
negligible at very low temperature, electron thermaliza-
tion mainly takes place via thermal conduction in the
reservoirs. More specifically, the hot electrons injected
into the QPC give rise to thermal dissipation only at the
connection with 2DEG lead where a large number of con-
duction channels exist. Hence, there may exist nontrivial
thermal noise generated by an increased temperature of
electrons in the vicinity of the QPC.
Because both charge and heat are transported by con-
ducting electrons, we can relate the heat conductivity κ
to G by Wiedemann-Franz law. Assuming one dimen-
sional heat diffusion, Kumar et al.28 showed that the for-
mula to express the effective electron temperature T JHe ,
which the electrons feel in the lead is expressed by the
relation,
(
T JHe
Te
)2
= 1 +
24
pi2
G
Gm
(
1 +
2G
Gm
)(
eVsd
2kBTe
)2
(4)
where Gm is the conductance of the 2DEG leads. If
we can neglect the electron heating effect, we can take
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FIG. 6. a) Current noise at 2nd plateau versus Vsd for B = 0
T (open circle) and 0.80 T (open square). The solid curves
show the fit of the data assuming SI(Vsd) = 4kBT
JH
e G.
1/Gm is 2.78 Ω and 0.14 Ω for B = 0 T and 0.80 T, re-
spectively. (b) The variation of the nominal Fano factor (red
circle) and 1/Gm (blue square) with perpendicular magnetic
field for the first and the second plateau region. These values
are derived by fitting the measured current noise for QPC 2.
1/Gm = 0 and T
JH
e equals to Te. On the other hand, for
finite 1/Gm, the hot electrons that have passed through
the QPC heat up the lead. Thus, phenomenologically,
1/Gm characterizes the heat conduction associated with
the electron-electron and/or electron-phonon interaction.
By assuming that on the plateau F exactly equals to zero
and thus SI(Vsd) = 4kBT
JH
e G, we can precisely deter-
mine the parameter Gm without any difficulty. Because
the conventional shot noise theory predicts that the Fano
factor is zero and thus the additional noise can be simply
attributed to the heating effect.
Figure 6(a) shows typical examples of the analysis of
the current noise data at B = 0 T and 0.80 T, which is
the same ones as shown in Figs. 2(a) and 2(b). 1/Gm
was obtained to be 2.78 ± 0.14 Ω and 0.14 ± 0.02 Ω for
B = 0 T and 0.80 T, respectively.
B dependencies of the Fano factor and 1/Gm for the
first and second plateaus are summarized in Figs. 6(b)
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FIG. 7. The conductance dependence of parameter Gm of
QPC 1 for Te=500 mK (circle), 300 mK (triangle), and 100
mK (square). Gm’s are obtained at 1st, 2nd, ..., 9th plateau,
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and 6(c), respectively. Here we also show the Fano fac-
tor obtained through the conventional treatment. As ex-
pected, the Fano factor, which is nominally estimated,
has a strong correlation with 1/Gm.
As is evident from Figs. 6(b) and 6(c), 1/Gm in both
plateau regions decreases as B rises above 0.6 T and then
it continues to decrease up to 0.9 T. Finally, 1/Gm is very
close to zero in the quantum Hall regime as the shot noise
is absent [see Fig. 4(a)]. This implies that electrons near
the QPC are insensitive to the electron heating effect at
high magnetic field. Indeed, source-drain voltage Vsd =
400 µV typically gives T JHe −Te = 73 mK and 38 mK at
the second plateau for B = 0 T and 1.0 T, respectively.
It is meaningful to compare the present 1/Gm
with those reported previously. Previous shot noise
experiments for QPC fabricated on GaAs/AlGaAs
(µ = 200 m2/Vs)28 and InGaAs/InGaAsP (µ =
11.65 m2/Vs)31 heterostructure report 1/Gm ∼ 250 Ω
and 110 Ω, respectively. In the present case, our re-
sult 1/Gm = 2.78 and 0.14 shows that the heating ef-
fect is very small compared to the previous experiments.
Since our QPCs are fabricated on high-mobility 2DEG,
the heat conduction is much more efficient than in the
previous cases.
While we adopted a simple one-dimensional model to
analyze our results, the observed suppression of the elec-
tron heating by the magnetic field prior to the edge chan-
nel formation is most probably related to the anisotropy
of thermal conductivity in 2DEG. The experimental re-
sult on the in-plane magnetic field supports this idea as
we discussed already. Naively we may speculate as fol-
lows: at zero magnetic field, the electrons injected from
one reservoir to the QPC run straight to the other reser-
voir and electron kinetic energy is dissipated there. This
may create a kind of “hot spot” in the vicinity of the QPC
and therefore the finite noise is induced even at the con-
ductance plateau. On the other hand, at finite magnetic
field, the electron motion and thus the heat conduction
has chirality because of the Lorentz force. The dissipated
7energy or the “hot spot” is carried away from the QPC ef-
ficiently by this chirality37. This topic is nothing but the
thermal Hall effect. However, we have to admit that the
present one-dimensional model is not at all appropriate
to address this situation quantitatively. Further theoret-
ical attempt is preferable to treat the electron and heat
conduction in the presence of a magnetic field.
Lastly we investigate the variation of parameter Gm
with the temperature for different conductances. Figure
7 gives the value of Gm as a function of conductance
for different temperature. One can notice that the pa-
rameter Gm increases monotonically with G, which helps
electron heat to diffuse. Thus, it may suggest that ther-
mal relaxation is generated where electron system near
QPC changes from one dimensional to two dimensional.
When the QPC conductance increases, the coupling be-
tween the QPC and the 2DEG leads becomes strong and
the heating effect becomes less significant.
IV. CONCLUSION
To conclude, we confirm that excess noise observed in
the QPC is closely associated with thermal relaxation
nearby in the 2DEG. This means that it is not possible to
ignore the electron heating effect even in a high mobility
device since it produces finite current noise in a perfectly
transmitting system.
Moreover, electron heating effect absolutely vanishes
in the quantum Hall regime. Since spatially-separated
channels largely reduce electron interaction, relaxation
of thermally excited conduction electrons take place far
from QPC. Therefore, our results indicate that enhanced
current noise arises from relaxation of electrons near the
QPC. However, electron heating has been already sup-
pressed before quantum Hall state is formed. We at-
tribute the reason for the observed decrease in electron
heating to temperature gradient in transverse direction
of 2DEG created by perpendicular magnetic field.
Our experiments closely relate to the thermal Hall ef-
fect. Further experimental and theoretical work on the
relation between the electron heating and magnetic field
would serve to study heating flow in low-dimensional sys-
tems or extended electron waveguide circuits.
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